SUMMARY
Lactic acid bacteria are of major economic importance, as they occupy a key position in the manufacture of fermented foods. A considerable body of research is currently being devoted to the development of lactic acid bacterial Strains with improved characteristics, that may be used to make fermentations pass of more efficiently, or to make new applications possible. Therefore, and because the lactococci are designated 'GRAS' organisms ('generally recognized as safe') which may be used for safe production of foreign proteins, detailed knowledge of homologous and heterologous gene expression in these organisms is desired. An overview is given of our current knowledge concerning gene expression in Lactococcus loctis. A general picture of gene expression signals in L. lactis emerges that shows considerable similarity to those observed in Es-
INTRODUCTION
Lactic acid bacteria, including members of the genera LactobaciUus, Lactococcus, Leuconostoc, Pediococcus, and Streptococcus, have long been known for their use in the manufacture of fermented foods. These include a broad range of products derived from a variety of raw materials such as vegetables, cereals, meat and milk [1] . The fermentations not only serve the preservation of the food [2] , they also add to the development of flavour and texture of the products [3] . Moreover, some cultured milk products are discussed to have certain health and additional nutritional benefits [4] .
These features explain the major economic importance of the lactic acid bacteria for the food industry, and the dairy industry in particular. Therefore, considerable efforts are made to understand and improve the important characteristics of lactocoecal starter strains. Increasing our knowledge of genetics and physiology of these organisms will almost certainly lead to the development of starter strains with improved properties, whereas the acquisition of more specific knowledge of the ru~es governing (heterologous) gene expression may be used to add desirable new traits. In addition, since the lactococci are designated 'GRAS' organisms ('generally recognized as safe') [5] , they may be used in new applications for the production of commercially important heterologous proteins in a safe way. Depending on the nature and application of newly synthesized proteins, several expression strategies are conceivable. One option is to (over)produce the new protein intracellularly, after which the cells can be easily pelleted in order to harvest the protein. The second option is to make the lactic acid bacteria secrete the new protein into the culture medium. For special applications, e.g, in cheese making, a combined strategy may be preferred, in which the protein is produced intracellularly, and subsequently released by a delivery system based on autolysis or induced lysis of the host [11_
GENE EXPRESSION IN PROKARYOTES
As in eukaryotes, gene expression in prokaryotes is governed by the processes of transcription and translation. In the cascade of events that results in the production of a protein, a promoter sequence in the DNA mediates the interaction between the RNA-polymerase and the DNA to initiate transcription. In Escherichia coli two hexameric sequences in the promoter area are well-conserved: the so-called -35 region (TI'GACA), and the -10 region (TATAAT) [6] . Usually, these hexamers are separated by a sequence of 17 4-1 nucleotides, while the starting point of transcription is usually situated 7 + 1 nueleotides downstream of the -10 hexamer. The same features are conserved in promoters active in vegetative cells of the Gram-positive bacterium Bacillus subtilis [7] .
In prokaryotes, transcription is immediately followed by the translation of the nascent RNA messenger [8, 9] . Translation is initiated at the ribosome binding site, which comprises the following conserved elements: the Shine Dalgarno (SD) sequence that is complementary to the 3'-end of the 16S-rRNA (E. coli 16S-rRNA has the 3'-end sequence: 3' AUUCCUCCA-5' [10] ), and the translational start codon. These two elements are usually separated by a window of approximately 10 bases (from the central AGGA string of the SD sequence to the start codon). In the window, and also immediately upstream of the SD sequence, A and U are preferred nucleotides [11] . In general, Gram-positive translation initiation sites have SD sequences that show a higher complementarity to the 16S-rRNA sequence than Gram-negative SD sequences [12] .
GENE EXPRESSION IN LACTOCOCCUS LACTIS
The first successful transformation of Lactococcus lactis ssp. lactis protoplasts with plasmid DNA was reported in 1982 [13] . Since that time, several modified transformation protocols have been described [14] [15] [16] [17] [18] , including the now generally preferred method of electrotransformation [19] [20] [21] [22] . Plasmid-free host strains became available such as the widely used L. lactis ssp. lactis strains MG1363 [23] and IL1403 [24] , allowing the rapid analysis of transformation and gene cloning experiments.
General purpose gene cloning vectors were developed, either based on cryptic L. lactis ssp. cremoris plasmids [25, 26] , or on non-lactococcal plasmids of Gram-positive origin [14, 27] . The former class of vectors offered the advantage of being able to replicate in several hosts, including E. coli and B. subtilis, thereby facilitating DNA manipulation and selection procedures. From these vectors, special purpose vectors were derived to study specific problems. Among these are promoter-probe vectors [28] [29] [30] [31] [32] , terminator-probe vectors [32] , vectors for the isolation of secretion signals [33, 34] , expression vectors [35] , secretion vectors [36] , and vectors for integration into the chromosome [37] .
Owing to these developments, the species L. lactis became accessible to sophisticated genetic research techniques, and the cloning and analysis of a gradually increasing number of homologous genes and expression signals became possible. The accumulating information on lactococcal genes and their expression signals is currently being used to establish the expression of heterologous genes of interest in L. lactis. In this paper, data available on homologous and heterologous gene expression in L. lactis will be reviewed.
Homologous gene expression

Cloning and characterization of lactococcal expression signals using promoter and terminator probe vectors
A straightforward approach to obtain more insight in the organization of gene expression signals employs promoter probe vectors. The frst vector of this kind for use in L. lactis was described by Van der Vossen et al. [32, 38] . This vector, pGKV210, contained the promoterless chloramphenicol acetyltransferase (cat-86) gene from B. pumilus, preceded by a multiple cloning Site. In this multiple cloning site, chromosomal DNA fragments obtained from L. lactis ssp. cremoris We2 were inserted. The ligation mixtures were used to transform L. lactis ssp. lactis MG1363, either directly or via precloning in B. sttbtilis. Subsequently, the chloramphenicol acetyltransferase activity in the transformants was determined. Some of the chromosomal DNA inserts that acted as a promoter for the expression of the cat-86 gene were further characterized by n/eans of DNA sequencing, and determination of the starting points of transcription. The main conclusion that could be drawn from this work was that the lactococcal promoter sequences closely resembled the consensus E. coli and B. subtilis 0 .43 promoter sequences. Because of the broad host range nature of the plasmids used in this study, it was possible to make a comparison of chloramphenicol acetyltransferase activity levels in L. lactis and in R subtilis. The activity levels observed in R subtilis were, on the average, about 10 to 20 times higher than those in L. lactis. However, since the overall expression level 75 was mea.~ ared in this system, in addition to differences in promoter activity also differences in plasmid copy numbei, mRNA stability, translation (initiation) efficiency, or product stability may be involved. Some of these considerations also apply to the comparison of different promoters within one strain of L. lactis using this system, as is evident from the results obtained by Koivula et al. [30] , who isolated DNA fragments with promoter activity from the chromosome of L. lactis ssp. lactis, in an approach similar to that used by Van der Vossen et al. Several promoters were characterized by DNA sequencing, mapping of the transcriptional starting points, measurement of CAT activities, and measurement of the rela= tive amounts of cat gene-specific mRNAs. The results showed a discrepancy between the relative promoter strenghts in L. lactis as determined by the measurement of CAT activities, and those determined by means of mRNA measurements, indicating that CAT activity can only be used to obtain a rough initial estimate of promoter strength. FurthermOre, CAT activities obtained in L. lactis were substantially (about 500-fold on the average) lower than in B. subtilis, while the mRNA levels in both species were roughly the same, ::ndicating host-specific differences in translation (initiation) efficiency, or product stability.
Several other promoter probe vectors comparable to pGKV210 have been described [28, 29] Once a suitable promoter has been cloned in vectors of the type described above, they can be conveniently used as terminator probe vectors, by inserting DNA fragments in between the promoter and the reporter gene. Van der Vossen [39] used this approach to show that the presumed transcription terminator downstream of the L. lactis ssp. cremoris We2 protease gene [40] was functional in L. lactis ssp. lactis. Again, data obtained from this kind of experiments should be interpreted with care, because of the indirect mode of measurement of transcript formation: Putative -35 and -10 hexanucleotides are doubly underlined. Starting points of transcription are singly underlined. (a), spacing between putative -35 and -10 hexanucleotides; (b), spacing between putative -10 hexanucleotlde and the starting point of transcription; (1-5), P21, P23, P32, P44, P59 [38] ; (6-10), PI, PI0, P21, ss45, ss80 [30] ; (11, 12) , pWV05 prtP, prtM [39,40,97l; (13) , nisin precursor [98] ; (14, 14a), p9BA-60RFAI = IcnMa, ORFB1 =IcnA ([42] , M. van Belkum personal communication); (15), usp45 [43] ; (16) , lacR [99] ; (17) (18) (19) (20) (21) , Pal, Pf2, Pa3, Pg2, Pfl [41l. Promoters (17) (18) (19) (20) (21) are lactococcal phage promoters, The proposed -35
and -10 hexanucleotides in entry (7) are situated upstream of the sequence shown [30] . GATC, number of G, A, T and C residues at each position totalled over entries (1-7), (9) (10) (11) (12) and (14) (15) (16) (17) (18) (19) (20) (21) . Entries (8) and (13) 
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can be compared with those obtained using the promoter-probe strategy described in the preceding paragraph. In Table 1 a compilation of lactococcal promoter sequences is shown. Entries 1 to 10 were isolated using promoter probe vectors [30, 38] , whereas entries 11 to 16 were isolated together with specific L. lactis genes. Entries 17 to 21 are iactococcal bacteriophage promoters that were isolated using a promoter probe vector [41] . Only promoters of which the functionality was confirmed by mapping of the starting points of transcription are included in the Table. Because all known lactococcal promoters also function in B. subtilis and E. coli, an obvious way to analyse these sequences is to look for the presence of the well conserved sequences constituting a consensus promoter in these organisms [6, 7] . Sequences resembling these so-called -35 (TTGACA) and -10 (TATAAT) boxes can indeed be recognized in the L. lactis promoters and are doubly underlined in Table 1 . It is often not possible, however, to unambiguously identify one particular hexanucleotide as the only possible -35 or -10 analog in the iactococcal sequences. Therefore, the sequences in Table 1 were aligned with respect to the starting points of transcription, and the numbers of G, A, T, and C residues at each position were totalled (Table 1, bottom) . This procedure indicated a strong prevalence of A residues at the starting point of transcription (underlined in Table 1 ), and of T residues at the -1 position, while A residues are present throughout the transcription initiation sites studied, very few A residues were observed at the -1 position and at the position immediately downstream of the starting point of transcription. A -35 "VI'G sequence can be recognized, as well as a region which is rich ia A residues, and therefore resembles a consensus -10 sequence. The distance separating these -35 and -10 sequences seems to comprise a few nucleotides more than the 17 to 18 usually found in B. subtilis and E. coli. It is important, however, to realize that only a small set of promoters has been analysed. The whole promoter area contains very few C or G residues. Inspection of Table 1 reveals the presence of a TGN sequence directly preceding the -10 hexanucleotide in sequences 1 to 6 and 77 8 to 10, but not in sequences 11 to 21. Several of the former promoters had been selected for their activity in B. subtilis, however, in which this TG sequence is strongly conserved [7, 38] . Therefore, an inadvertent selection of promoters containing this sequence may have occurred. Promoters 14 and 14a contain exactly the same sequence. Also the sequences upstream of the promoters, which contain an open reading frame the function of which is yet unknown, are identical for at least 1 kbp (M. van Belkum, personal communication). The sequences downstream of the promoters are identical up to the 7th codon of the coding regions [42] . In spite of this high degree of similarity, a 2-bp difference in the starting points of transcription was observed [42] .
It is generally believed that high levels of gene expression result from promoters that closely resemble the consensus sequence. This does not seem to be an absolute requirement, however, as is apparent from sequence nr. 15 in Table 1 . No clear -35 sequence is present in this promoter belonging to the gene usp45, which was selected because of the high level production (secretion) of its gene product [43] . Table 2 gives a compilation of L. lactis-derived translation initiation sequences. In all these sequences, the translational start codon is AUG, although it is known that UUG and GUG act as start codons in L. lactis in the expression of the B. pumilis cat-86 gene [38] , and of the B. subtili~ nprE gene [44] , respectively. As far as available, the 30 nucleotides preceding the translational start codon, and the 27 nucleotides following this codon are shown in Table 2 . In the region preceding the start codon, the putative SD sequences are underlined. These sequences are complementary, to the 3'-end of L. lactis 16S-rRNA (3'-UCUUUCCUCCA-5' [45] ). The free energies of complementarity of the putative SD sequences and the 16S-rRNA (AG), and the sizes of the windows are also given in Table 2 . The latter range from 4 to 15 bases, the most common value being 9. These sizes correspond to those usually observed in E. coli and B. subtilis [12, 46] . Table 2 Lactococcus lactis-derived translation initiation sites Gene Sequence
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(4)
(6)
(8) [101] ; (2), thyA [102] ; (3), X.PDAP [103, 104] ; (4), pbg (lacG) [29, 105, 106] ; (5), pTR2030 hsp [107] ; (6), pWV01 repA [108] , nearly identical to pSH71 repA [29] ; (7), pWV01 ORFC [108] , and pSH71 ORFC [29] ; (8) (9) (10) (11) (12) (14) . ISS1 putative transposase [110] and IS946 putative transposase [111] , nearly identical to: ISS1N and ISS1W putative transposases [112] ; (15) , IS904 putative transposase [113, 114] ; (16, 17) , pWV05 prtP, prtM [40, 97] ; (18) , usp45 [43] ; (19) , nisin precursor [98, 113, 115] ; (20, 21) , ORF32, ORF44 [38] ; (22) , citP 1116]. Sequences downstream of the (putative) starting points of transcription are given for entries (2, 3, 7, 8, 13) and (20) . Entries (9, 10, 11) and (12) show sequences that are part of an operon. The translational stop codons of the upstream open reading frames are printed in bold face. The figures indicate the codon frequencies used in the genes indicated at the top of the Table. AA, amino acid; Cod, codon; a,
ruler [101] ; b, thyA [102] ; e, X-PDAI" [103] ; d, pbg (lacG) [29, 105, 106] prtP, prtM [40, 97] ; t, usp45 [43] ; u, nisin pree.ursor [98, 113, 115] ; v, lacR [99] ; w, citP [116] . Tot, row totals; %, codon usage per amino acid in %. The (G+C) content calculated from this [12] . In the area preceding the SD sequence often long stretches of A or U residues are present.
The SD sequence, the start codon, and the window between the two, are generally considered to be the main determinants of translation initiation efficiency. Additional sequences, located outside of this region, may have an effect on the efficiency of translation initiation, however. The nucleotide sequence of the mRNA per se may influence the interaction between the mRNA and the ribosome [8, 12, 47, 48] . Alternatively, secondary structures may be formed in the mRNA that influence the efficiency of translation initiation [47, 49] .
In order to examine whether certain nucleotides are preferred at certain positions within the coding sequence, the frequencies of occurrence of the nucleotides present in the coding sequences from Table 2 were listed in Table 3 . Together with the observed frequency of a given nucleotide at a given position, the minimal and maximal frequencies of that nucleotide at that position are given. The maximal frequency was obtained by introducing that nucleotide at that position in all coding sequences where it was possible to do this without affecting the amino acid sequence of the gene product, i.e. by using synonymous codons. Similarly, the minimal frequency was obtained by avoiding the use of the nucleotide of interest at a given position as much as possible. When the AUG start codon is set to cover positions + 1 to + 3, a strong prevalence of A residues can be seen at positions +4, +5, +7, +8, +10, +11, +20, +21 and +30. A similar high preference of A residues in this region was observed in B. subtilis [12] . From Table 3 it is dear, however, that the high incidence of A residues at the majority of these positions is directly linked to the amino acids encoded by the codons covering these positions, i.e. the observed nucleotide frequencies more or less equal the minimal frequencies. Of the positions mentioned, only at positions + 21 and + 30 there is no strong need for an A in the coding sequence (the minimal frequency is 0), and yet this residue prevails. Concerning the positions +4, +5, +7, +8, +10, + 11 and + 20, the question arises as to whether a certain nucleotide is preferred in the mRNA, or whether the preference applies to a certain (set of) amino acid(s) in the gene product. Table 2 shows that there is no clear preference of one particular amino acid in the deduced protein sequence at either of the positions mentioned. Analysis of an extended number of translation initiation sequences is required to reveal whether the seeming nudeotide preferences are real preferences. Although at some positions G, A, U and C residues are present in more or less equal numbers (e.g. positions + 13, + 16, + 17), at many other positions there seems to be a bias towards A and U residues. This may reflect the generally high (A + T) content of L. lactis (see also Section 4.1.4 on codon usage).
Codon usage in Lactococcus lactis
Little is known about codon usage in L. lactis. Kok et al. [40] made an analysis of the codon usage in the L. lactis ssp. cremoris protease gene, and Porter et al. [50] analysed the L. lactis ssp. lactis pbg gene. Table 4 includes these data and those of a number of other lactococcal genes. The Table shows that the codon usage can vary markedly between genes. Although in many cases this variation may be a consequence of chance because of the small numbers of the various codons involved per gene, some differences are striking, as, tbr example, the noticeable underrepresentation of the CAG codon for glutamine in usp45. Another example concerns isoleucine which is encoded predominantly by the AUU codon in most genes. In addition to this codon, a large number of AUA codons is present in the hsp gene, whereas in the. prtP gene a large number of AUC codons is found. Furthermore, in the prtP gene the AAG and AAA codons for lysine are equally represented, whereas the overall figures (column: %) show a marked preference for the AAA codon. In the same gene, all four codons for threonine are equally represented, whereas the overall figures seem to favour the ACA and ACU codons. In usp45 these two codons are the only ones present for threonine. At this time we can only guess about the meaning of these differences. Also in other bacterial species, and higher organisms, a considerable within-species diversity in codon usage has been observed [51] . Especially in E. colt this diversity has been associated with gene expression, with a strong bias towards a particular subset of codons in highly expressed genes, and a more even codon usage in moderately expressed genes [51] . In contrast, a markedly unbiased codon usage has been reported for B.
subtilis [52] . In Table 5 , the overall codon usage in L. lactis as given in Table 4 is compared with that of E.
coli and B. subtilis. In general, L. lactis shows a preference for codons with an A or a U at the wobble position, which is reflected in the high (A + T) content of the organism (approx. 62% In the preceding paragraphs an overview has been given of some features that are, or are likely to be, important in gene expression. It was shown that also in L. lactis considerable variation exists in promoter sequences, translation initiation sequences, and codon usage. Unfortunately, little is known about the optimal characteristics of each of these features, and their possible interactions, necessary to achieve high level gene expression. Whereas it is common belief that high level expression is obtained using promoters and ribosome binding sites with high similarity to the consensus sequences, it is intriguing that the usp45 gene [43] , selected for its high level expression, lacks both.
Heterologous gene expression
Relatively few studies have dealt with the expression of heterologous genes in L. lactis. In the fc, llowing paragraphs an overview of heterologous gene expression in L. lact/s is presented.
Antibiotic resistance markers
The first class of heterologous genes expressed in L. lactis is composed of genes specifying antibiotic resistances. Plasmids from non-lactococca' Gram-positive bacteria, or derivatives thereof, carrying these antibiotic resistance markers were used in conjugation experiments, or as gene cloning vectors [14, 27, 54] . Alternatively, the genes xpeci~ing antibiotic resistance were used to label cryptic lactococcal plasmids in order to use these as selectable gene cloning vectors [25, 26] . The fact that iaetococeal expression signals closely resemble those generally present in Gram-positives, allowed the expression of these heterolognus genes to sufficient levels without the need for further adjustments. This noticeable feature subsequently permitted the rapid development of the genetic analysis of L. lactis. Among the antibiotic resistance-conferring genes most commonly used are the ehioramphenicol transferase (cat) gene of the S. aureus plasmid pC194 [55] , and the MLS resistance genes of the S. aureus plasmi.'l pE194 [56] and the Enterococcus faecalis plasmid pAM/31 [57] . In addition, the B. pumilis cat-86 gene [30, 38] , and the E. coli TEM-/3-lactamase gene [33, 34] have been used to isolate and study lactococcal expression and secretion signals, respectively.
4.Z2. Other heterologous genes
Heterologous genes other than antibiotic resistance markers have been expressed in L. lactis by transcriptional or translational fusion to L. /act/s-derived expression signals. Among these is the E. coli/acZ gene, encoding /3-galactosidase. De Vos and Simons [58] fused this gene to the ninth codon of the L. lact/s ssp. cremor/s SKll prtP gene, and showed that the hybrid gene could provide the lactose-deficient L. lactis ssp. /act/s strain MG1363 with the ability to grow on lactose. The lacZ gene has, also in L. lac#s, proven to be a useful tool in the study of translation [59, 60] . Recently, Haandrikman et al. [61] used the lacZ gene in combination with the Cyamops/s tetragonoloba (Guar) eDNA gene encoding agalactosidase, to study divergent expression signals. The a-gal gene was fused to the signal sequence of the B. subtilis a-amylase gene [62] , and both galaetosidases were provided with L. ~act~s-derived transcription and translation initiation signals. The B. stearothermophilus and B. licheniform/s a-amylase genes, deprived of their signal sequences, have been used to isolate and study lactococeal secretion signals [33, 36] .
Other heterologous gene products produced by L. lactis have potential applications in dairy industries, such as the bovine prochymosin (Section 6; [63, 64] ), the B. subtilis neutral protease (Section 6; [44] ), and several lysozymes ( [35] ; Van de Guehte et al., unpublished results).
Lysozymes (EC 3.2.1.17), defined as 1,4-/3-N. acetylmuramidases cleaving the glycosidic bond between the C~ of N-acetylmuramie acid and the Ca of N-acetylghcosamine in the bacterial peptidoglycan [67, 68] , may find an application because of their antimicrobial activity against several bacteria involved in food spoilage and food-borne disease [69] [70] [71] . L. lactis was transformed to produce these enzymes using a iactococcal expression vector that contained gene expression signals and a short Y-truncated open reading frame of lactococcal origin [35] . Copy DNA encoding the mature hen egg white lysozyme was fused in-frame to the lactococeal open re2ding frame, which resulted in the production of a hen egg white lysozyme fusion protein in L. lactis [35] . Also, the unfused mature hen egg white lysozyme coding eDNA was expressed in L. lactis, albeit with reduced efficiency [65] . The differences in the expression levels of the fused and unfused gene are probably (partly) due to differences in the efficiency of translation initiation [59, 60] .
An enzyme closely resembling the hen egg white lysozyme, is encoded by the E. coli bacteriophage T4 e gene. In order to express this gene in L. lact/s, it was provi~led with L. ~act~s-specific expression signals that were positioned immediately upstream of the coding sequence [65] . Alternatively, the gene was expressed by means of translational coupling to a short 3'-truncated L. lactis derived open reading frame [65] .
The E. coli bacteriophage A lysozyme, the A R gene product, was produced in L. lactis after the lysozyme coding sequence and translation initiation signals were transcriptionally fused to a 3'-truncated iactococcal open reading frame [66] . In this configuration, efficient expression of the AR gene was shown to be dependent on the translation of the preceding lactococcal open reading frame.
IMPROVEMENT OF GENE EXPRESSION
IN LACTOCOCCUS LACTIS
In the preceding paragraphs, it was shown that several heterologous genes could be expressed in L. lactis employing L. !actis-specific expression signals. Depending on the nature of the heterologous gene product and its application, however, improved gene expression may be desired. Similarly, enhancement of the expression of homologous genes may be advantageous for certain applications. Several strategies can be envisaged to accomplish enhanced gene expression. One way is to increase the gene dosage, for example by incorporating the gene in a high copy number plasmid, or by multiple insertions of the gene into the chromosome. Several high copy number plasmids for use in L. lactis have been described, for example pCK21 [72] , plL253 [27] , pNZ12 [25] , and derivatives thereof. De Vos et al. [63] reported an increased ~production of the L. lactis ssp. cremoris SK11 protease after cloning of the genes involved in its production, prtP and prtM, on a plasmid with a copy number higher than that of the plasmid that originally carried these genes. Recently, Leenhouts et al. [73] realized the integration of the L. lactis ssp. cremoris Wg2 prtP and prtM genes into the chromosome of L. lactis in a Campbell-like way. The protease activity displayed by the transformants was shown to be dependent on the number of copies of the genes present, although no linear relationship was observed. / In the following we will focus on methods of increasing gene expression without affecting the 85 gene dosage. One reason for this is, that in foodgrade applications it may be preferable to insert a heterologous gene at a specific site in the chromosome of the host. In a fixed copy number situation, gene expression may be enhanced by improvement of the efficiency of transcription initiation. Since, as described in paragraph 4.1.2., it is as yet not clear what exactly constitutes an optimal transcription initiation region, the most obvious strategy to enhance transcription is to replace the promoter present upstream of a gene of interest with another, more efficient, promoter. This strategy was applied by Van der Vossen ( [39] ; unpublished results), who isolated a number of promoter sequences from the chromosome of L. lactis ssp. cremoris Wg2, and used these to improve the transcription of the L. lactis ssp. cremoris prtP and prtM genes in L. lactis ssp. lactis, resulting in elevated mRNA levels. A concomitant increase in protease activity was observed.
A second important determinant of gene expression is the efficiency of translation initiation. The characteristics of a translation initiation region that are considered to be of prime importance in determining translation initiation efficiency are: the extent of complementarity between the SD sequence and the Y-end of 16S-rRNA, the start codon, and the window between these two sequences [12, 46] . Furthermore, natural ribosome binding sites tend to have a low potential for secondary structure formation [49, 74] , which is in part a consequence of the generally low (G + C) content of these sites. The nucleotide sequence in the region surrounding the start codon might also be important in establishing additional contacts between the ribosome and the mRNA [8, 12, 47, 75] . Changes introduced in a ribosome binding site to increase the complementarity to the 16S-rRNA, and to convert the window to a size that is frequently observed, can in some cases increase gene expression [59] . However, this method, or that of precisely fusing a coding sequence to an existing ribosome binding site, may not be generally preferable, because the exchange of coding sequences and the introduction of changes in ribosome binding sites can easily affect mRNA secondary structure forma-tion in the translation initiation region, and thus affect gene expression [60] . In fact, results of many changes introduced in ribosome binding sites with the aim to improve the interaction between the ribosome and the mRNA, may to a considerable extent reflect changes in mRNA secondary structure [46] . Therefore, a configuration may be preferred in which translation of a gene of interest is coupled to that of a preceding efficiently expressed open reading frame [59] ,
The principle of translational coupling was first recognized by Oppenheim and Yanofsky [76] , and has since been described for many naturally occurring and artificial systems [77] [78] [79] [80] [81] [82] [83] . It ensures the efficient translation of a gene by making it dependent on the translation of a gene immediately preceding it. Translation of the upstream gene may serve to resolve secondary structures that would otherwise occlude the ribosome binding site of the downstream gene, thereby rendering this ribosome binding site accessible to free ribosomes [76] . Alternatively, ribosomes that have translated the first gene may proceed to translate the second gene after a translational restart [76] . Especially in the latter situation, translation of the downstream gene would profit from an efficient initiation of translation of the upstream gene. Therefore, if an efficient translational coupling could be realized, it would be possible to make use of efficient expression signals of an upstream gene, without disturbing the delicate interplay that may exist between transcription and translation signals and the (5'-end of the) coding sequence. In reference [59] a model system is described in which the juxtaposition of the stop and start codons of two tandemly arranged open reading frames, the lactococcal ORF32 and the E. coil lacZ, was varied, in order to optimize the translational coupling between the two open reading frames in L. lactis. This study showed the result of translational coupling, which in this case most likely occurred via a translational restart mechanism, to be critically dependent on the configuration in which the two open reading frames were juxtaposed. Only configurations in which the stop codon of the upstream ORF32 and the start codon of the downstream lacZ were contiguous or partially overlapping, resulted in translational coupling. The best result was obtained with an AUGA configuration, in which UGA represents the stop codon of the upstream ORF32, and AUG the start codon of iacZ. It was shown that translational coupling could be used to enhance the expression of lacZ as compared to the expression of this gene in the absence of ORF32.
Other processes that may affect gene expression, but are difficult to optimize, if at all, are the rates of transcription and translation. The latter variable may be correlated to codon usage, although opinions are divided on this issue [8, 51, [84] [85] [86] . In E. coli, a strong correlation is observed between high levels cf gene expression, the use of a particular subset of codons, and the high abundance of specific tRNAs [51, 85] , suggesting a causal connection between these factors. Bonekamp et al. [84] , however, have presented evidence suggesting that translation rates of individual codons do not reflect the concentrations of the corresponding tRNAs or the frequencies with which the codons are used in E. coli. Furthermore, several authors state that initiation, and not elongation, is usually the rate-controlling step in translation [8, 87] . For L. lactis, there is insufficient information to answer the question whether a particular codon usage might raise translation efficiency (paragraph 4.1.4.).
No information is available on the possibility to increase the abundance of specific mRNAs by improving the rate of transcription. As in translation, elongation in transcription usually seems not to be rate-limiting [8] . mRNA stability, however, may be improved by the addition of a 3'-extension that is capable of secondary structure formation, such as a rho-independent transcription terminator, thus protecting the transcript from degradation by exonuclease activity [8~89].
In conclusion, strategies to improve gene expression heavily depend on improvement Gf initiation of transcription and translation. Although transcription initiation signals, translation initiation signals and coding sequences are often thought of as distinct boxes that can easily be exchanged to improve gene expression, there are strong indications that this is an oversimplification of reality. Therefore, it may be preferable to use an undivided set of expression signals, i.e. the promoter, the ribosome binding site, and (the 5'-part of) the coding sequence of a highly expressed gene, to express a heterologous gene, provided that translation of the latter can be efficiently coupled to translation of the former. The feasibility of this approach has been demonstrated in references [59] and [65] , describing the expression of the E. coli lacZ, and the E. coli bacteriophage T4 e gene in L. lactis, respectively.
SECRETION OF HETEROLOGOUS PRO-TEINS
Various approaches have been used in order to make L. lactis secrete heteroiogous gene products. Van Asseldonk et al. [43] screened several L. lactis strains for secreted proteins by SDSpolyacrylamide gel electrophoresis of culture supernatants, and showed that all strains produced extracellular proteins, one of which, banding at 50-60 kDa, was particularly abundant. The chromosomally located gene usp45, encoding this protein in L. lactis ssp. lactis MG1363, was isolated. DNA and protein sequence analysc~ revealed that the gene most probably contained a signal sequence of 27 codons. This signal sequence was used to direct the secretion of the B. stearothermophilus a-amylase [36] . Similarly, the signal sequence of the L. lactis ssp. cremoris SKl l cell envelope-associated protease gene, which most likely has a length of 33 eodons, could be used to effect secretion of the bovine prochymosin [63] , a protein of major importance in the dairy industry. Both signal peptides conform to the structural characteristics of signal peptides sensitive to signal peptidase 1 cleavage, as described by Von Heijne and Abrahmsen [90] .
In the strategy described above, secreted homologous gene products were identified, after which the corresponding genes were cloned and analysed. The putative signal sequences were subsequently used to direct the secretion of heterologous gene products. Another approach was used by P6rez-Martinez et al. [33] and Sibakov et al. [34] . In both studies the 5'-truncated E. coli TEM-g-lactamase gene was used as a reporter 87 gene in a signal sequence probe vector. In addition, P6rez-Martinez et al. [33] used the 5'-truncated B. licheniformis a-amylase gene as the reporter gene. Fragments of the L. lactis ssp. lactis chromosome were cloned upstream of these genes, after which gene expression and secretion of the gene products was studied. In both studies secretion of the heterologous gene products was observed with signal sequences resembling those described by Von Heijne and Abrahmsen [90] . Furthermore, P~rez-Martinez reported speciesspecific differences in the amounts of protein secreted. The chromosomal DNA inserts had not only been selected for the presence of a signal sequence, however, but also for the presence of gene expression signals. Therefore, it is not clear whether the differences observed in protein production in E. coil, B. subtilis, and L. lactis were due to species-specific requirements with respect to the signal sequences, or with respect to the gene expression signals. An effect of speciesspecific signal sequence requirements on secretion efficiency is quite conceivable, as pointed out by Von Heijne and Abrahmsen [90] , who showed that signal sequences from Gram-positive bacteria tend to be longer than those used in E. coll.
The functionality of a heterologous signal sequence in L. lactis has been demonstrated by the secretion of the B. subtilis neutral protease using the nprE gene specific signal sequence [44] . The secretion of this enzyme by L. lactis may provide a solution to the problems involved in the application of the purified enzyme to accelerate the process of cheese ripening, which are the often uneven distribution and low level of retention in the cheese curd [91] [92] [93] [94] [95] . The B. subtilus nprE gene, encoding the neutral protease, was provided with L. lactis derived transcription signals, and introduced into L. lactis [44] . The original Npr signal peptide, which most probably contains 27 amino acids [96] , served to direct the secretion of the enzyme into the culture medium. Like the above-mentioned signal sequences derived from L. lactis, the nprE signal sequence resembles the canonical signal sequences described by Von Heijne and Abrahmsen [90] .
The signal sequence of the B. subtilis a-amylase gene has been used successfully to secrete the
88.
Cyamopsis tetragonoloba (Guar) addition to the generally conserved expression signals (promoter and ribosome binding site), mRNA secondary structure and the nucleotide sequence of the (5 '-part of the) coding region per se may also be important, coupling the translation of a heterologous gene to that of an efficiently expressed (3'-truncated) homologous gene may be the most universally applicable method to accomplish efficient expression of the heterologous gene.
